Spectral functions of isolated Ce adatoms on paramagnetic surfaces 
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We report photo-emission experiments revealing the full valence electron spectral function of Ce 
adatoms on Ag(lll), W(110) and Rh(lll) surfaces. A transfer of Ce 4f spectral weight from the 
ionization peak towards the Fermi level is demonstrated upon changing the substrate from Ag(lll) 
to Rh(lll). In the intermediate case of Ce on W(110) the ionization peak is found to be split. This 
evolution of the spectra is explained by means of first-principles theory which clearly demonstrates 
that a reliable understanding of magnetic adatoms on metal surfaces requires simultaneous low and 
high energy spectroscopic information. 



Ce atoms coupled to a metallic host present a charac- 
teristic case of quantum impurity problems: The compe- 
tition of strong Coulomb interactions of the Ce 4f elec- 
trons and hybridization effects puts these states at the 
borderline between localized and delocalized. Hence, the 
physics of Ce compounds or Ce impurities in metallic 
hosts ranges local moment behavior in weakly hybridizing 
environments to non-magnetic Ce in the case of strong 
hybridization and rich Kondo physics in between [l], Q ■ 
To date, there are two experimental techniques allowing 
to probe the spectral properties of such systems: scan- 
ning tunneling spectroscopy (STS) and photoemission 
(PE) techniques (see Q and Q for recent reviews.) 

Advances in nanotechnology like the ability of con- 
trolled atom manipulation, have put the electronic prop- 
erties magnetic nanosystems into the focus of intense re- 
search: STS is well suited to study individual magnetic 
atoms on surfaces within a spectral range of some few 100 
meV around the Fermi level and with very high spatial 
resolution. Starting in 1998, these techniques revealed 
how magnetic adatoms give rise to a sharp Abrikosov- 
Suhl resonance in the vicinity of the Fermi level — a char- 
acteristic fingerprint of the Kondo effect [4j, |5|. However, 
higher energy spectral properties (Af or 3d ionization 
peaks and/or corresponding crystal-field-split states) are 
difficult to obtain with STS and one is restricted to the 
analysis of the Kondo resonance close to the Fermi en- 
ergy. A test of the resulting Anderson model parameters 
with higher-lying levels is hardly possible. PE, on the 
contrary, can resolve spectra in the full range of the va- 
lence band but has so far been limited mainly to the 
study of Ce alloys (see @, 0] for reviews). Measuring 
the full spectral properties of isolated magnetic adatoms 
on transition metal surfaces remains, therefore, an open 
experimental challenge. 

In this letter, we extend the energy range in which 
the spectral properties of magnetic adatoms on metallic 
surfaces can be probed. We report on photoemission ex- 
periments revealing the full valence band electronic struc- 
ture of isolated Ce adatoms on the surfaces of Ag(lll), 



W(110) and Rh(lll) and fully describe the valence band 
electronic structure of isolated Ce adatoms on different 
these hosts. For the first time, our studies reveal the 
4/ ionization peaks and the Kondo excitations for iso- 
lated Ce adatoms on a metallic surface in a single ex- 
periment. By means of first-principles calculations we 
explain the photoemission results and yield the link be- 
tween the atomistic environment of the Ce adatoms and 
their spectroscopic properties. 

We prepared the Ag(lll), W(110) and Rh(lll) sub- 
strates by the standard procedures and monitored their 
crystalline quality by low energy electron diffraction 
(LEED). Isolated adatoms were obtained by depositing 
Ce atoms at a substrate temperature of 20K in a cover- 
age regime ranging from one thousandth to few tenth of 
a monolayer (statistical growth regime). A major tech- 
nical difficulty in photoemission experiments on isolated 
magnetic adatoms on metal surfaces (requiring adatom 
coverage in the range of 0.01-0.001 ML) is that the spec- 
troscopic signature of the adatoms can be obtained only 
for those combinations of impurities and substrates for 
which the signal of the impurity is comparable to the 
host. We demonstrate that this condition is fulfilled 
for photoemission measurements of 4/ valence states of 
rare earth isolated atoms on transition and noble metal 
surfaces measured across the Ad — > 4/ threshold (reso- 
nant photoemission). Here, the required sensitivity to 
the adatoms is achieved because of the enhanced pho- 
toemission cross section of the 4/ states as compared to 
the 3d, Ad or 5d photoemission cross sections of the tran- 
sition and noble metals substrates. The photoemission 
experiments were performed at SuperESCA beamline at 
ELETTRA Synchrotron Radiation facility. We measured 
photoemission energy distribution curves of the Ce 4f va- 
lence state at 122 eV photon energy, which corresponds 
to Ce Ad — > Af resonance, with an overall energy resolu- 
tion of 40 meV. 

Fig. [1] shows the resonant photoelectron spectra mea- 
sured at the Ce Ad — > Af absorption threshold for Ce iso- 
lated atoms on Ag(lll), W(110) and Rh(lll) surfaces. 
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Figure 1: (Color online) Valence photoelectron energy distri- 
bution curves for the clean Ag(lll), W(110), and Rh(lll) 
surfaces (a) and in presence of Ce adatoms ( 0.001 ML cov- 
erage) (b). The curves (c) are the differences between the 
corresponding spectra (b) and (a). 



In order to better distinguish between the photoemission 
signal derived from the Ce adatoms and the substrate 
contribution, the photoemission spectra before (a) and 
after (b) deposition of the Ce atoms are compared and 
the difference spectra (c) are taken for each host. 

The spectra of isolated Ce atoms are found to be 
markedly different on the three substrates and a clear 
trend when going from Ag to Rh is visible: On Ag(lll) 
only a peak around -2.9 eV is present, while on W(110) 
peaks at energies of -1.5 and -2.3 eV as well as two smaller 
peaks close to the Fermi level, at and -0.25 eV, con- 
tribute spectral weight. On Rh(lll) the major contribu- 
tion is derived from structures close to the Fermi level, 
the peaks labelled 1 and 2, and a small broad peak around 
-2.3 eV is still present. The 4/ electrons of Ce seem to 
undergo a transition from localized to delocalizcd when 
going from Ce on Ag (111) to Ce on Rh (111) via the 
intermediate case of Ce on W (110) where the ionization 
peak appears to be split up into two peaks. 

To understand the origin of these entirely different dis- 
tributions of Ce 4/ spectral weight and to explain why 
the ionization peak is split up on W (110), we proceeded 
in two steps. First, density functional theory (DFT) 
calculations are performed to obtain relaxed geometries 
and the hybridization functions for single Ce-atoms on 
Ag(lll), W(110), and Rh(lll). These hybridization 
functions are afterwards used to calculate the valence 
electron photoemission spectra following Gunnarsson and 
Schonhammer [7|. The DFT calculations have been car- 
ried out using the Vienna Ab-initio Simulation Package 
(VASP) J8|] with the projector augmented waves basis sets 
(PAW) 0,113. In these calculations, single Ce atoms on 
Ag(lll), W(110) and Rh(lll) have been modeled using 
2x2 surface supercells with slab thicknesses of 7 lay- 
ers. The crystal structures have been relaxed until the 
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Figure 2: (Color online) (a) Calculated Ce 4 f-electron hy- 
bridization functions for isolated adatoms on Ag(lll) (red), 
W(110) (green), and Rh( 111) (blue). The real parts are shown 
as dashed and the imaginary parts as solid lines, (b-d) Calcu- 
lated 4/-spectra for single Ce atoms on Ag(lll) (b), W(110) 
(c) and Rh(lll) (d) surfaces. The dependence of the spectra 
on the on-site energies e/ is illustrated by showing spectra 
obtained with different e / . All curves are labelled by the cor- 
responding Ef. 



forces acting on each atom were less than 0.02eV/A. In 
all cases, Ce adsorbs to high symmetry positions, which 
are close to the continued bulk lattice on Ag(lll) and 
W(110). On the Rh (111) surface, Ce adsorption to an 
hep site is by ~ 250 meV more favorable than the fee site. 

The Ce 4f electrons are expected to be subject of strong 
correlations which require a description in terms of an 
LDA- 



approach 
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12j : For the description of the Ce 
adatoms we choose Anderson impurity models with the 
hybridization functions, A mm <(oj), being obtained from 
DFT. Here, m,m' = —3,..., 3 label the z-component of 
the angular momentum of the Ce 4/ orbitals. The PAW 
basis sets provide intrinsically projections onto localized 
atomic orbitals, which we use to extract the hybridization 
functions (for details see [I243|)- 

These hybridization functions act like energy depen- 
dent complex valued potentials on the Ce f-orbitals and 
fully characterize their interaction with the substrate as 
regards local observables like the Ce f-spectral functions 
probed in the photoemission experiments. Following Ref 
[TJ, we assume A mm >(u)) — A(u>)S mm / , which we obtain 
from the full LDA hybridization, A^(w) by averaging 
over all Ce f-orbitals, A(w) = |E m A mm( w )- The re- 
sulting A(uj) for Ce on the three different substrates are 
shown in Fig. [5] (a). 

The imaginary part of the Ce 4f-hybridization, 
Im A(w), on the Ag (111) is at all energies below the 
Fermi level more than an order of magnitude smaller than 
the corresponding 4f-hybridizations of Ce on W(110) or 
Rh (111). Obviously, Ce on Rh (111) exhibits by far the 
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strongest hybridization, which gives the first hint, why 
the ionization peak of Ce on Rh (111) is more strongly 
smeared out and why the quasi-particle peak at the Fermi 
level might be strongest for Ce on Rh (111). In the inter- 
mediate case of Ce on W(110), there is a peak in Im A(w) 
extending from uj = — lcV to — 2eV. This resonance is 
caused by bonding to ti g ei-orbitals of neighboring W- 
atoms. 

The real parts of the Ce 4/-hybridization functions are 
related to ImA(w) by the Hilbert transform RcA(w) = 
— —V J da/ ^3—7 ^ ■ Hence, peaks in the imaginary part 
cause steps in the real part. The step in Re A(w) in the 
energy range of — 2.1eV to — 1.3eV for Ce on W(110) is 
responsible for the peak splitting observed in photoemis- 
sion (see Fig. []}. 

Using Eqs. (A1-A7) from Ref. [D, we obtain the ground 
state properties of the Ce 4f electrons including the en- 
ergy gain 5 upon hybridization and the average occu- 
pancy nf as well as the valence electron photoemission 
spectra from the hybridization functions. Here, only the 
on-site f-energy remains as a fitting parameter, while we 
use the established value of 250 meV for the spin-orbit 
splitting between the / 5 / 2 and states. 

Fig. [5] (b-d) shows the calculated Ce 4/ spectra for 
all substrates and different on-site energies e/. The spec- 
tra of Ce on Ag(lll) exhibit one sharp peak close to the 
bare /-electron energy, which corresponds to the ioniza- 
tion process f 1 — > f°. Independent of e/ the spectral 
weight of this main peak dominates the spectrum and is 
by orders of magnitude larger than the weight of a possi- 
ble Kondo peak: within the entire range of e/ considered 
in Fig. [2] (b-d) we find 1 — n/ < 10~ 4 . This repre- 
sents a measure for the weight Z of the Kondo peak, as 
Z = 1 — nf for vanishing spin-orbit splitting Ae/ = 
0,0- 

For the case of Ce on Rh(lll), the Kondo or the spin- 
orbit peak (/5/2 — > fr/2 around the energy — Ae/) domi- 
nates the spectrum for all e / shown in Fig. [2] (b-d) and 
the ionization peak is always broadened to a wide con- 
tinuum. Here, the main effect of changing e/ is changing 
the relative weight of the spin-orbit peak as compared to 
the Kondo peak. 

The spectra of Ce on W(110) lie in between these two 
extreme cases with the ionization peak being remarkably 
split-up into two separate peaks at E > — 1.5eV and 
E < — 2.3eV in all cases. In this intermediate regime, 
the on-site-energy strongly affects the ratio of spectral 
weight in the ionization peak to the amount of weight in 
the Kondo and the spin-orbit peaks. 

The comparison of experimental and theoretical spec- 
tra (Fig. [3J shows that theory and experiment are in 
very good agreement. This suggests that the physical 
processes determining the photoemission spectra of iso- 
lated Ce adatoms on the different surfaces are well de- 
scribed within our model. All trends including the peak 





Figure 3: (Color online) Comparison of experimental (a) and 
theoretical spectra (b). The theoretical spectra present best 
fits to the experiment obtained with £/ = — 3eV, — 1.7eV, and 
-3.7eV for Ce on Ag (111), W (110) and Rh (111), repsec- 
tively. 



splitting in the case of Ce on W(110) are understandable 
from the structure of the hybridization functions shown 
in Fig. [5] (a). On the ionization peak, the hybridization 
acts like a self-energy term on a resonant level with the 
real part shifting the level and the imaginary part broad- 
ening it. The Ag(lll) and Rh(lll) surfaces are forming 
the two extreme cases of weak and strong hybridization, 
respectively, and lead to correspondingly sharp / broad 
ionization peaks. The resonance near u> = — 1.6eV in 
the hybridization of Ce on W(110) splits the ionization 
peak: the step in the real part causes spectral weight be- 
ing shifted to lower energies below the resonance and to 
higher energies above it. 

For Ce on Rh (111), there is an even larger step in 
Re A(w) extending from cj = — 3cV to — 2cV. This 
large step results in a significant amount of weight being 
pushed to that high energies, that it contributes to the 
peaks close to the Fermi level but does not form a second 
separate ionization peak as in the case of Ce on W(110). 
This effect occurring in the case of strong hybridization, 
has been similarly observed in the bulk compound CeNi2 

am. 



As in the case of bulk alloys [15j , the hybridization of 
the Ce 4f states with the conduction electron states can 
induce strong structures in the Ce 4f spectral function 
for isolated atoms on surfaces. For the case of Ce on Ag 
(111), photoemission and theory found concordantly no 
significant Kondo like contribution to the spectra. This 
is in contrast to the Kondo effect of Ce on Ag (111) re- 
ported in early STM experiments The Kondo tem- 
perature Tk = 5K= 0.4meV//cB reported there is out 
of the range Tk ~ 5 <C 10 _2 meV for all e/ < 1 eV found 
here by combining photoemission and first-principles cal- 
culations. Hence, our results support the conjecture (c.f. 
Ref. Q) that the STM experiments from Ref. [B} have 
been measuring Ce clusters on Ag (111). 

In conclusion, we demonstrated the ability of photoe- 
mission spectroscopy to measure the full valence elec- 



tron spectral function of isolated Ce adatoms on differ- 
ent metallic surfaces. By comparing the experimental 
results with first-principles calculations of the photoemis- 
sion spectra for the atoms deposited on Ag (111), W(110) 
and Rh (111) surfaces, we find derealization of the Ce 4/ 
electrons when going from Ag to Rh substrates and ob- 
serve the shift spectral weight from the ionization peaks 
to quasiparticle resonances at the Fermi level. The inter- 
mediate case of Ce on W(110) shows that the energy de- 
pendence of the impurity hybridization with the surface 
determines the shape of excitation spectra. Widening 
the energy window for probing the electronic structure 
of magnetic nanosystems appears to be a powerful way 
to disentangle hybridization mechanisms and understand 
the physics of magnetic nanosystems down to the atomic 
level. 

Support from SFB 668 (Germany) as well as computer 
time at HLRN are acknowledged. 
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